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Microbial mats. Microbial mats are natural heterotrophic and autotrophic communities dominated by
cyanobacteria (blue-green algae). They are self-organized laminated stnIcture9 annealed tigbtly
together by slimy secretions from various microbial components. The surface slime of the mats
effectively immobilizes the ecosystem to a variety of substrates, thereby stabilizjng the most efficient
internal microbial stnlcture. Since mats are both nitrogen-fJxing and photosynth~ {Paerl et al.,
1989), they are self suff"Icient, solar.driven ecosystems with few growth requirements.

Microbial mats can be generated rapidly by enriclUng a water surface with ensiled grass clippings
(silage). These constructed mats (CM) are durable, tolerant to a variety of toxins and resilient under
~ environmental conditions. Additioruilly, the CM can easily be designed for specif1l:
remediation tasks by culturing desired microbes with the cyanobacteria/silage mirture. For examp!@,
mats with surface white rot fungus can be produced by this co-culture. Both components (algae and
fungus) become tightly integrated and grow rapidly, as a leathery unit, over the surface or the water .

Removal of metals and metalloids bv constnJCted mats. Mats, constnlcted with specifIC microbial
components, have been developed for various bioremed.iation applications (Bender and Phillips, 1994).
Mats have been fOWld to reduce Belenate to elemental selenium (Bender et al., 1991a), remove Pb, Cd,
Cu, Zn, Co, Cr, Fe, U and Mn from water <Bender, 19928; Bender 1991b; Bender e:t al, 1994a) and to
remove Pb from sediments (Bender et a1. 19898). Uranium (0.1 mg/L of U238, spiked in groundwater
samples) was removed in 3 ho Table 1 presents a S1lmm~~ of metal removal from water and
sediments.

Or~ de2J'adation bv constructed mats. D~tion of recalcitrant organic contaminants has been
observed under both dark and light conditions (Bender and Phillips, 1994). The following cont.A~1DAnts
have been degraded in water and/or soil media by ~onstrucled mats: TNT (Mondecar et at, 1994),
chrysene, naphthalene, heJaIdecan�e, phenanthrene (Phillips et at., 1994), PCB (Bender, 1993), TCE
(Phillips and Bender, 1993, unpublished) and the pesticides, chlordane (Bender et at, 1994b),
ca.rbofuran and paraquat <¥urray, 1994, unpublished; PhiDips and Bender, 1993, uripublished). Radio-
labeled experiIDents with mat-trea.ted carbofuran, petroleum distillates and TCE show that these three
compoW1.d.s are mineralized by wats and mat products, such as biof1lInS and biofl<x=culentg (Phillips and
Bender, 1993, unpublished) .Recently, in collaboration with the Institute of Paper Science and
Teclmology, we ha-ve achieved El 50% redu~tion (eight.day laboratory treatment) in absorbable
chlorinated organics in pulp and paper mill effiuent waters. A s,,",mAry of organic degradation is
presented in Table 2.

Treatment of mixed contaminants. Recent data confJrmfl that the mats effectively treat mixtures of
org,mics and heavy metal. Mats simultaneously sequestered Zn and mineralized TCE and chrysene
(Phillips and Rodriguez-Eaton, 1993, personal communication).

IJDJnobilized mats. Mats produce slimy secretions which stabilize the members of the microbial
commwrity in their stratified structure and also adhere the entire community to a variety of substrates
(clay, coru:r~e, activated charcoal and glass wool). Several of these immobilized systems have been
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effective in the bioremediation applications: (1) mat/glass wool in columns removed 6.3 9 of Zn/Mn per
M~ per d (Bender et al., in press a) (2) mat/glass wool floaters removed 18.6 9 Zn/Mn per M2 per d
(Vatcharapijarn. et al., 1994), (3) mat immobilized on clay mineralized carbofuran. chrysene and TCE
(57% mineralization in 8 days with 48,000 d pm TCE applied directJy to the mat, Phillips, 1993, personal
commwUcation) .

Remedjation mechanisms. Constructed mats offer a broad range of mechanisms related to the
sequeBter of heavy metals. the biodegradation of recalcitrant organics and r@Dl@diation of mixed
organiclinorgaDic contaminants such as TCE and carbofuran with heavy metals. The diver~ mierobial
components within the mat define the range of malecuJar , cellular and communal mecll8njsms available
m this ecosystem and likely account for the broad range of successful bioremediation applications
demonstrated with this system. Diverse microbes organize into discrete rrrittozones of highly
contrasting oxic/anoxic character .These zones exist in close proximity and support aerobicJanaerobic
communities simultaneously (Canfield and Des Marais, 1991), thereby offering a unique aITay of
biochemical meehanisms for degradation of recalcitrant organics., such as chlorinated aromatics (Bender
et at, 1994b).

Motile bacteria, ass<x:iated with a mat growing on a soil surface. can penetrate clay soils and have
been shown to degrade chlordane mixed within soil phase (Bender et al., 1994b; Murray, 1994.
unpublished) .Because heavy metal and metalloid contaminants are taken up and concentrated by
mats in quiescent ponds Natcharapijam et al.. 1994; Bender et al., 1991a.), the mechAn;QTn of metal
transporl through the water phase becomes an important question. Scanning electron
mia'o~opY/microanalyBis research, correlated with chemotaxis studies of the motile bacteria suggest
that these microbes become bonded to the meta1s. and migJ'ate to the mat by responding
~emotactic.ally to the cyanobacteria and silage components. (Bender et al, 1989a,b)-

Bioflocculents likely play a key role in both metal sequestering and organic degradatjoli- It has been
fOWld that the biot1~entB, released by the mat, bind to heavy metals (Bender et al., in press b;
Rodriguez et a1.. 1994) and also mineralize TCE and the pesticide, carbofuran (Phillips and Bender,
1993, Wlpub1ished). Additionally, the cell-free biofl1m produced by the mats physically sequesters
materials from the $ediment region. An insoluble chlordane globule (7 mm. dia; 2100 mg/L ap~tion
level) was picked up by the biorl1m. transported to the mat and degraaed in 61 da~ (Bender et al-.
1994b). Excised sections of the cell.free biofilm was recently demonstrated to m1neraliz.8 TCE and
csrbofuran (Phjllips and B@:nder, 1993, unpublished) .

Mine Dr~ Treatment.
DesigIL Acid coal mine drainage was delivered through a limestone. anoxic drain into an oxidation

pond far removal of Fe. Three ponds (1 biological treatment pond, BTP, and 2 controls) 32-44 m2,
were constructed for fmal removal of Mn and residual Fe. These: ponds, receiving drainage from the
oxidation pond. were lined with PVC and layered with limestone rc.:ks or pe:a. g:ra.veL A floating mat
(1.2 cm thick), composed of rllamentous green ala.ge and cyanoba.cte:ria was developed in the BTP by
enriching with ensiled g:rasB clippings Ilnd microbial inc.:u]a (initially sel~ted from the site). A seeond
mat formed on the limestone at the pond bottom. Although mats were: absent from control ponds, a
thin layer ( < 0.5 mm) formed ove:r the rocks in these ponds.

Re5u1b. BTP removed 2.5 g/m2/d of Mn (Phillips et al., 1994). This remov8l rate was achieved within
the fIrSt 2 m from the i.nt1uent point and continued for approximately a year until the pond was
drained. Although thel'e: was some Mn~ell binding, metals were primarily deposited as precipates at
the pond bottom. Unlike the control ponds, there was no evide~~ of metal release from the mat pond.
Day/night and winter/summer metal removals were essentially the ssme. Fe ent@;red the treatment
pond primarily as a f1oc:cu1ated precipitate which became entrapped in the fIlamentous algae. Control
ponds showed Mn breakthrough (Mn outflow releases > EP A reguJations of 2 mg/L) during nighttime
sampling or when mine drainage flow exceeded 4.5 L/min.

M -hQ~1~ Although the conditions of high oxygen and high Eh generated by the field pond mats
may be centr~ to the deposit of Mn oxides. other factors may be: functional 8.9 well. Fl~ents were
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identified in the water column under the mat. Laboratory research showed that specific bioflocculents
were released by the mat in response to th~ presence ofMn+2 (RDdriguez-Eaton et al. 1994). These
materials carried surface charges ranging from .58.8 to .65.7 mY. The charges cbiInged to + 1.8 in the
presence of divalent metal. indicating metal.binding to the biofl~ent.

No soil was layered in the pond. so the predictable mjcrobial ecology c.haraderizing the sediment
region may not be present in this system. The primary mechAn;qmq or deposit likely wel'e determined
primarily by the chemicaJ/bio1ogic.a1 processes mediated by the mat.

Patent. The Silage-MkTobial Mat Construction and Method mentioned herein was the basis for a
series of claims for patent protection before the US Patent and Trademark Office in March 1998. In
JanU8l'Y 1994, notification was received that all claims made by Bender and Phillips were accepted. A

patent is being issued to Bender and Phillips.
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TABLK 1. Metal, metalloid and radionuclide removal in quiescent
laboratory ponds.

Static 1.abora't.ory
pOnds

R@moval rate,
m9 m@tal/m2 mat/h

Initial
concentration, mg/L

Pb:
Se:

U236:

117
37

0.12

Free floating mats 129
6
3.19

Mix of
Cr: 24
Co: 24

10.129
10,052

Mat immobili.ed
on glass wool
layered in baffled
t:.anke

Mat immobilized
on float@rs

Mix or:
Zn: 22
Kn: la

313
462

Excised mats Hix of :
Cu:--284
Zn: 3,021
Cd: 19

378
3,778

356

Field pilot:
acid m~ne drainage

Removal rate,
m9 metal/m2 mat/c1

Initial
concent:.rat:.ion, mg/L

Hn: 3.3- 6.5 2.59

Free floating mat. self~buoyant mats were cultur@d on the surface of
laboratory ponds containing Pb or Se. Initial solution of selenate was
reduced in part ~o elemental selenium which d8poeited in the surface mat
(Bender et al. 1991a). Pb was deposited in the mat aB PbS (Bender et al.
1989). The pH for ~he free floating mate wae 6 ~o 8.

Hat ~bilized on floaters. The mat was attached to glass wool balls that
ware floated in Zn/Mn-contaminated wa~er at pH 7 to 9 (Bender, 1992b).

RKcised mats. Small sections of mat were excised and applied to a mixed
solution of Cu, Zn, Cd, and Fe sample from Iron Mountain Kine drainage in
California {Bender et al. 1991b). The pH was adjusted to 3 to 4 before adding
mat sections.

Hi.crobial/qreen algae mat. A floating mat ( 1-2 cm thick) , composed of
filam~~toue gree~ alaqe and cyanobacteria was developed by anr~chin9 with
8nB~led gras8 c1ippinge and microb~al inocula (initially Be18cted from th8
site). A 8~cond mat formed on the limestone at the pond bottom.
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TABLE 2. Biodegradation of contaminants by microbial mats.

COncentrati.on8, m9/L Time and M1..neral.i.%a~ion
con~aminant Initial. Final % d@9radation

:>99% in 6 days2, 4, 6-trinitroto~u@n@
(TNT)

100 <1

2,4-Dinitrotoluene
(DNT)

26 NP217 66% in 4 days

Chlordane
in wat'.~r
in Bo.il

97% in 35 days
27' in 25 days

2,100

200

61
146

+

768
374
157

697
264
125

9% in 90 days
24' in 90 days
20% in 90 dayB

+
+

20% in 15 days
37% in 33 days

petroleum distillatee(1)
hexadecane
phenanthrenB
chrysenB

PCB (3 Cl)
(6 Cl.)

So
100

40
63

NPPulp & paper mill
ChlorLnated organics
Color reduction

26 11 66% in 1 day
39\ in 1 day

Soil m.ix of;

Paraquat
+

Carbofura.n

50 29 42% in 21 days NP

20 60% in 21 da.ye50 +

SimultaneouB mineralization of TCE
and chry8ene with Zn sequester

+
+

H.ixed orcran.ic + .inorC1an.iC:

Kzperimenta~. Mineralization experiments were performed with C1'-labeled
substrate; detection of en~rapped labeled carbon dioxide determined percent
mineralization. Occurrence of metabolic products in the wa~er column and mat
mQt.ix con£irmed that"the proce88 was degradation rather than s~ple
adaorpt!-on. Soil/chlordane and pulp and paper mill experiments are in
progress; no attempt has been made to identify metabolic productB in these
experiments. NP ~ mineralization experiments were not performed. In mixed
contaminants no inhibition of proceB8eB was observed. The rates of organic
degradation and metal sequesterin9 were essentially the same in mixture as
they were in gingle contam~nant expo8Ure.

credibi1ity 0£ data resu1tBf Exper~nts were performed in three tripl~cate
trials except in CQ6eS where radio-labeled materials prevented this number.
In such cages sLn91e experimente were per£ormed with triplicat8 trials
(reaction flagkg). In metal-sequ@Bterin9 exp8riments. mass balances fell
within acceptable limits (! 1'). Every sample Bet included a calibration of
the ~~B~rument. ~n cnlord~nc-dc9r~dation ox~or~Bn~B, paral~e~ ana~yeee we~e
performed by two commerciallaboratorie8. Re8ulte verified that 10 mg
ch~ordane appl~ed below ~he mat was r~duo~d to <1 mq ~n 5-7 days.

Re£erencea: ~ = Kondecar et a1., 1994; cnlo~dane ; 6ende~ ~t a1., 1994;
Petroleum aia~illa~ee ~ Ph~llipg ~t al., 1994; ~ ~ Bender, 1993; ~
ch~vsene, carbo£uran, paraQUat = Phillips and Benae~, 1993, R~port to paoific
Northwest Labora~oriee Ba~telle.
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carbofu~ with heavy metals. Diverse m.icrobe4 organize
into discrete microzon~ of higbJy CoQtr3Sting oxi~~o~ic
ch3r2Cter .Th~ zones exist in: close pro~imity and
support aerobic/anacrobic: commUDiti~ simul~~usly.
thereby offering a unique amy of biochemical m$:b3nisms
for degndatioD of ~citr3Dt organics such as chlori.aa[1!d
aromaric eompounds. B«.aI&5e h-vy mew aDd metalloid
contaminants ~ tak~ up 24d eonce.ntratM by maIS in
quie-SCent ponds. the mec:hanism of mer.aJ t~rt rhrough
the water phase 1.:D1D5 aA important questiOb. St\ldi~ of
the chemot.u.is 0( the tDOtile bacteria! suggest that these
microbes become bond~ to the metals and mign1e to the
mal by responding ch~motactica1Jy to the cymobactena and
silage ComponentS. BionOCa1i2D~ prodw:ed by the mats
likely playa key role in both mew ~~teting and
organic degradation. It has been found that the
bioflocculantS ~[e8sed by the mats bind to h~vy meals.
AdditionaUy. the cel1-(~ btofilm prt)(jueed by the t&ts
physically seq~~ ~als from the ~imeut ~gion.
Motil~ b3&:teria. ~iated with a mat &rowing on the
surfsce 0( a. clay soil. have ~ shoW'D. to degnde
chlordAn8 mix~ -ithin the 5Oil pba3C. Biological
treatment ponds using the constructed ma~ were de~clo~

ABSTRA CT
~icrobial matS are namfal heterotrophic and autotrophic:
communities dominate4 by cyanobactCria (blue-grcea
algae). Tb.:y a~ ~lf--0rganizcd laminat.:d str\1CN~
annealed tightly together by slimy ~retions from various
mic:robial componeGtS. The surface $Iim~ of the mats
effectively immobili~ the ~~ys~m to a variety of
substrates. the~by stabifuiDg the most effic:ient inremM
microbial structUTe. Coa.scructeG microbial CDaIS CaD be
genented rapidly by eo.ricbing a water surface with ensiled
grass clippings. Thea CODSUVcced nws ate durable,
tolerut to a variety of toxw aad r=ilieot under chansing
environmental conditions. The ma1S can be d~ign~ for
specitic: tasks by in~ulatiD&, the eyanobacteria.lsilage with
selccced microorganisms. Mats co~cruct.c:d wi/h ~ific
luicrobial components h3.v~ ~~ d~v~lo~ for various
bioremediatioo app'il:.aLions: removal of meta.ls. orpnic:
dcgradation, treatment of mixed .:ontaminants, biological
tr~tment ponds. and soil remediation. Construc~ matS
offer a broad range of tnecna.nisms related to th~
~uestr3tiotl. of heAvy metals. the biod~gr3dation of
rd:alcitr"6nt organic compounds. and the remediation or
aU~~ orga.nic/inorganic contaminmts such as TCE and



for treating 3.CI~ coal mIne (,jr3lnag.:. The biologlcaj
rre3rmen[ ponds were opera[ed for a y~r [0 r~mov~ Fe and

Mn from the mine drainage. La laboratory stUdi~. it was

obset"-'ed that sp~ific bioflocculanlS were produc~ by tbe

matS in response to the m~t.als. The diverse microbi.11

~omponentS within the mat define the rang~ of mol~ular .
.:cllular. and communal m~hanisms available in this

~osystem and lik~ly ~ccounC for ch~ broad range of

51Jccessful bioremcdiarion applic3.lions d~monstrated with
this system.

.Institute of Paper Sl;ienc~ Ul~ T echn%~y .we h;jY~

achIeved a 50% reduction (eight..(jay laboratory tr~tmen[}

in absorbed ,hlorioated organics in pulp and paper mill

~t-tl~ent waters. Re(;ent data confirms that the rr..ats

cffecti"~ly treat mixtures of organics and h=avy mec.ais

(Ta.bt~ 3).

MA TF.RIALS AND ~{ETHODS

Prepararion of rnar.r
Microbial maLS ar~ g~nerated by enriching a \&Iiltr

surface \Afifb eosill:d grass clippings (7 g Wtt Wt/L).

Inocula of dc=,sired microbes are add~ witb the sila~e.

These nUcro~ can be supplied 25 small sections of marore

matS (ma.ints.incd as dessicatOO or W~t stock. supply) or as

separ3te stnins of the constiru~nt bactcria (cyanobac~ria.

purpl~ autOtrophic bacteria. and a variety of
a.erobic/anaerobic Qe(~rotrophs). The microbial consor1ium

self-organius iD. 5-7 days and fonnx a I~thery sh~t

around the silage. D~p~nding on the fonnat of tb~

remediation application. mal& can be cut and added 3.5
exci$~ st!CtIons. packed intO columns. grown out on soil
or sediment. floa~ 011 pond surf3.C~. layered in baft1~
tanks or "roadcast over an incn subs(r'ate (i.e. .organic
mesh or glass wool). The mat grows and attaches to mos(

subst~t~ forming immobili~ cell p~paruions.

OORODUCTION
.\.1icrobiaL ml21s

Microbial mats al'e naNral het$ro[rophic :lnd

a.utotfoph.iccommunities domina~ bycyanobact~na (bluea
grccn algae). Tb~y al'e ~If-organiud lalU1t\at~ stn.Jcrures

ann~lai tightly [og~(her by slimy secretions from various

mit:fobial compon~nts. The surface slim~ of the m.at$

~tf~(ively iaunobilizes the C(;osys(em tO a yari~ty of
substrat~. th~b~ stabilizing tbe most ~fticient int~mal
rni,robial stNctUre. Since Q1atS are both nitrog~n.fixing
and photosyn[hetic ( I ). th~y are sclf suttici~nt- solar-;Jriven
~osysfcms with f~w growth requirem~nts.

Mic;robi3.1 mats cm be geotr2to=a rapidly by e.nricb.ing

i water surt'ace wirh ensiled gnss clirpings (silage). These

constrw;ted mats (CM) are durable. tol~rant to 3. yariety of

toxins and resilient und<:r changing environmental
conditions. AdditioMlly. the CM can easily be Jdigned
for spe-cific r:emediation ~ka by <:ulturing J.,gired
mic:robes with the c:yanobacteria/silage mixrut~, For
~xample. matS wi(h sutfac~ white rot fungus can be

produc~ by this ~0<\.1lrure. Both componencs (aliae and

fungus) b«;ome (ightly intcsrat.:d a.nu grow rapidly. as a

lathery unjt, over the surf3.C~ of the wa~r .

Application of conlami,JQ1U.r QJId L"Ondilio1l.r

Except for samples from th~ lIon Mountain Mine
(IMM), initi:il pH lev~ls in all experim~nlS were 7-8: pH
levels generally rose to 8-9 during the light period. and
d~lined b~k [0 7-8 during dark periods. The IMM
samples w~re initially adjust~ to pH 3-4 before adding the

~~ci~ SeCtions of mat. Metal p~ipiwes. resulting from

the pH elevation. were removed by settling b~fore

~ginning the experiments. Initial cotl~ntratioDS listed ia

Tabl., 1 ~p~nt those lev~ls of soluble mews remaiaing
after this initial metal r~moval- Ex~pt for the field pond

~xpcri~n(S. the metal ~uestering ~~perimeats we~
perfo~ in continuous lignt. A 12/12 h ligbt-dark. cycle
was used for orgmic degradations. unless othe~ise

indi~ in the data table. Metals were added as soluble

nitrites. Organics w~re gener2lly solubilizM iD. a solvent

bo:fo~ adding to mars and water columns. In the C35e of
contaminanls which h-ad very low solubility (TN1j or [hose
add~ in con~ntrltions thaL exced~ the solubiliry Icvel
(chlordane) tho liquid ~Iobul~ or solid particle:S ...~re
allowed to remain at the bottom of the ~[ion flask:. This
posed no problem ~ contn.ctil~ biofilms. generated
by the mats. actively tral18ported the materials to cbe

surfac~ where th~y ~me enmeshed in the mat matrix.
[0. the (,ase of ~hlordane/soil experiments. cblord2.ne was
mixed in clay soil. MatS we~ cultured on [he moist soil
surfac-=. E~peri~tal controls were either the ccntam.inant
plac~ und~r experimental conditions ...ithout matS or with

heat-k.ill~ mau.

Patent
The microbial mal treated he~il1 was the basis for a

series of claims by Bender and Phillips for patent

protea:tion before tho US Pa~nt and T~emark Office in

March 1993. In January 1994, notification was ~~ived

that all claims made were a/:(:epted for the pat~nt.

Removal of r1lelals .rnad1Jbids .organic ("ontaminant,f and
mLx~d wastes by consmlaed COILfIFYa~ mau

MatS produce slimy $«;Rtions \Afhich stabiliz= the
members of the microbial community ia their stmtifi~

slructUre and also adb~re th~ enti~ cammunily la a variety

of subst~teS ( clay. concrete. activated cha~aal and gl~

\11001). MatS. canstruct~ with s~ific microbial
componentS. hav~ been d~~elo~ for variQU5
biorern~ialion ~pplica1ions (2). Deg~dation of
rec:3.lcitra.nt organic canu.minantS has ~n observed un~r
both dark and light conditions in \Afa.t~r or soil (Tabl~ l).

MatS ha'{~ b~n found to remove h~\ly metals from water

and ~iment (Tables 2 and 4). In collabo~tion with the
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Fig. 1. Upper. Mar immobilized o,. glass W<)OlflotU~rs sho~ 70% (wgt/wgt) metal bi/rding on mau and a.rscciale:d organic
material. I ~ mal contains 43 mg mer4l/g organic Lower. Schematic njlnicrobial fnar attached to ensiled gra.u clippings.
Zones: J ~ phOtOJ')'nlhelic zone with cyQ.1lQbacteria (A), II ~ hett'rntrop;'ic bacteria iD) coloraized aro"nd~1Ui~grasJ' (B).
111 ~ glass wool Wi,h a.r.rociated bacteria and organic re.1;duf's ,.('IC'as,d frl?"' rhe surface. E1Il1'apped ga.re.f (C) maintain
lh~ bol1)'anC)' of the mal. Appro.%imale depth f"r Zone.r 1, 2 alld J, f't'J"pect;vely ar~ 1 mm, 1 mm and 3.5 ~-

In Tabl~ 2 the Cr/Co removaJs show the highest ra~
using a baffled tank/immobilizai mat $y$com. Although
the ~tal removal levels Wete ~uced to < SO % by th~
last S flows. the ma1S ~mained live aDd, a~r an addition
of minimal salts medium. con~tDued to grow. ' The

uranium removal d2l.a in T abl$ 2 sbows that mats nor
onlyd~1 with high levols of iaot'ganic cont.aminants. buc
caa d~(ect ~d remove J.l.g coDcentracioM as well.

Field rr~Qlmenl of min-e drGinage
Acid coal mine drainage iD AJaha.ma. was delivered

iMO 32-44 m~ ponds for removal of MD. A. floating mat

( 1.2 cm thick). composed of filamentous greeD alage and

microhial mat. was developed in one pond. A ~Dd

mat fo~ed on the lim~tone at the poad bottom. The
pond with an alg- mat ~mov~ 2-5 glm:fd of Ma (9).
Thi~ removal rat~ was achieved witbin the first 2 ID from
th~ influent point and continu~ for approximately a year
until (h~ !,ol:td was drained. Although tbe~ wu som~
Mn-c~!l binding. metals were primarily deposited as

preci"at~ at the pond bottom. Unlike the cootrol ponds.

there was no evid~nc~ of metal rel~ from the mat
pond. M~ul removal was ~tially the same durin~
day/ni£ht and winterlsununer conditions. Control ponds
show~ Mn hrcakthrough (Mn outflow rel~ > EPA

M~tal analysis of the mat and ~iated ofgsnic$
from the tloatlng mat experiment& show a 70% wt/wt

hinGing of the rnecals to tbe mat m:&terial. This results in

a discrete unit of rm.t-m~w enmeshed in th~ gla.S& wool
floa.tef" (Fig. 1). The pro<luct migbt be sub~ucntly

~itrified into a con<;ct{"3t.:d pellct for mec.al disposal.



Metal Sl!qu~.r(I!'.iflg e:zperimeflts. All samples were
digest~ prior to analysis by a CEM \fDS.2000

microwav~ oven. Liquid samples were digestcd \With
trace metal gr3de rlitric ac1d for a time period of 3 cycles

of 10 rnJns each and a maximum permissible pressure of

80 psi. Solid sampl~s were diges[ed similarly for a 5-

cycle period: first 3 cycles of S m.ins ~h and la.st 2
cycles of 10 mins each. with a maximum pemU~ible

pressure of SO psi. Digested samples were 3.r1aly~ for
metal con~entration with Varian Sp~(ra-20 AtomIC

Absorption Spectrophotomeler .

Design of cOllramilJa/lr/maJ exposure
Org3.llJc m.a.terials were generd.iI y added to the water

column undcr the mat in a quicscen[ systtm. Only In [he

case of DNT was slow shaking (50 rpm) applied.

Inorganic contam.inants were appli~ in scverd.l dtsigu

formats. Uranium was addt:d to actUal groundwater
~roplcs t.ak~n from the Departrn~nt of En~rgy si[f: 3.(

Hanford. W A. Chromjum and cobalt (in mix~ solu(ion)
w..re pass~ (hf"ough a baffl~ tank laye~ wjth glass

wool with an Immobili~ ~t (~h flow; 200 mJ of 20

mg/L each metal. pa$Se(j through baffle in 40 sec:). la

lMM experiments excised matS (9 cm~ were added [0

quiC5Gent systeI'D containing 200 mi sample. dilutM 1: 1

with silage wash medium. Floating mats (floaters) we~
prepared with 4 .g .gla.ss wool containing matS ( 1-2 mm)

immobilized on the surf~e- These were appliM to 1 L

of rW;t~ meul solution ( 18.22 mg/L Zn ...Mn).

O'.gQnic mjn~'.alitalio/1 ap~'.im~nI.r- Eighrorganic.
substrates we~ rested for the ability of microbial maL to

mineraliu them to I"CO~ (Table 4). ExperimentS were

COQduc.~ in a closc!d quiescent system with mal floating
on wate.r- r:n additional cxperiments. TCE. I:hry~ne and

carbofuran were applied to sou. Minenli:zation mes

were determined by the amount of r2dioactivity (14CO:y

p~nt in a po~ium hydro~ide trap. In the case of

cblorda.ne and hexachlorobiphenyl (PCB). a 14C bud8~t

de.termin~ the amount of 14CO: r~maining in the water
and re-incoft>Orated intO microbia.1 mat via. photosynthesis.
Thin-Ia.y~r c:hrom3.[ognphy was usc=d to sepante p;lrent

c:ompound and dechlorinated metabolites. VisuaJiDtion of

spotS by autondiography ana scintillation counting 'kas

used for parent c-ompound and metabolit~. TCA

precipita[ion followed by 8-9 \l/ash~ wu the t~hnique

used to de(en'nin~ i f I"C wa.s in th" prot~in fnction of the

rnic;robial ma[-

Field pond experim~nr.f
Microbial mat bound to gre.:n alga4 in a limeston~-

lin~ pond was used for manganese removal from coal

In1ne drainage in Alabama from August 1992 to the
present. Mine dninage flowed from a seep, through an
ano~ic drain and into an oxidation pond- B~fore entering

the biological (rea(mea( pond. th~ oxidation pond water

flowed (nrougb a (rickliag filter to remove some of the

wat~r's iron content. All microorganisms IAI~~ isolatc!d

f:om (he site, cultured in the laboratory and returned to

the site for in0<:ulation. G~n algao initially es(ablished
volunQrily- Control ponds includc:d on~ with only a

limes(one substr2te and another with a pea gravel
substr3te- Water quality param~ters monitored \Ale~

manganese a.nd iroQ COQ~(~ions. temperature.
dissolved oxygen. pH. r~x. conductivity and alkalinity.

Water flow ~tes averaged 4-2 L/min.

RESUL TS AND DISCUSSION
F..rplanalion of experimentaL re;full.s

Bioremediation ~Its are described in Tables 1.2.
3 and 4.. The mIcrobia! mats were eff~tive in ~moving
and/or degnding each class of com~unds. iDcluding the
anixtu~ of TCE and Zn. M~tabolic products were
observed in all org3nic degnd.atioD experimenCS. la the
case of DNT .~ight metaboljtes w@re observed over a 25-
day t~ment. Meta~ljte id~ntificatioo is in p~: 2-
Methyl 5-Nitro Anai1ine bas been confinned. However .
six of the eight metabolites disappear over time.

S£1mpLe p'.eparaziofJ and an4ly~is
OrgafJic deg'.odatiofJ e:rpe'.;m~"t.r. All m~thod.i

d~nbed ~Iow wcre tak~Q from EPA SW-846 (8).

Water columns ~der ma1 were extr3Cted by ~pa~lory

fuGnel liquid-Iiquid extractioR method #35 10. Solids

(maLS or soil) weR ex~~ by ~ither soxhlet method

#3540 or ultrasonic e~U3CtioR method #3SS0A. An3.lysis
of ~idual pa~t cotopound aad meubolic products W@1'e
p.:rfomJed as follows; PCBlchJordane: GC ~tnod
118080A wilh clCCUOD capture detec:lOr. Column was

Supelcopot't 1001120 maG coatcd with 1.5% SP-22S011-
95% SP-2401 packed in a L.8 m ~ 4 mtn ID glass column

or equival~nt (Su~lco. Inc.). Carrier gas of 5%

[l1cth3.Q~/95% argoD was used at a flow B~ of 60 m1/mia

and 2000 i30the:rmaJ. TNT/DNT: HPLC m~thod #'8330

~ith Uv detector. 254 am. Column was reverse phase
Sup~lcosil-LC-18. 25 em x 4..6 nun x 5 ~m pack~ \With
S ~m $ph~ricaL silica (SupcIQo. Inc.). Mobilc pha.sc was
i$()<;rJllic at 50% mcthanol/SO ~ wat~1' with tlow ra~ of

1.5 ml/min, InjQ;tion volume was 100 ~L.

Mineraliz.a1ion ~xperiments show~ complete
d~gndatiol1 w1thsev~r3.1 ~alcitnnt compounds in~ludinl
Mxachloro.PCB and chlordane. 11\ a (hree-week
t~[ment CI.<b.lordaDe. aI3$$ balance analysis of the
carbon la~1 showed that l7% was r$:0veted as CO:.

78 ~ as mat protein and 2% 3.$ highly polar meQOOlites

(Bender et aJ.- in p~p8rAtioo). No patel\t compound was

~ve~- This com"l~te d~gpd.ation ~,urred only in 3.

dark/light cycle (l2112 b)- When mat \1/85 exposed tO

chlordane undercon(inuous dark.ness. si gni fic:a.Dt quantities
of pa~nt compound were ~ove~. Th~ cbJordan~jsoil
data is consid0!.f@d to ~ a p~liminary result. until the

e~~nment$ an: confinned with. label~ chlordane-
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TABLE 1 -.:.

Rf.:-.(ED[-~TION OF ORGA~IC CO~TA.\I~A-'iTS BY -'IICROBIAL ~IATS

ORG~'ilC caNT AL\1~AI~. I:-.imAL CO~C£NTRA TION
m~1. or mg/kg

TL\I£ AL','D % DEGRADA TION.

100~.~.6-trinjrrotolu=ne >99G/G in 6 days

2.~-Oinitr"otoluene 217 88% in 4 days

Chlordane

In water

In soil

2.10C

200

97% in 35 days

270/G in 25 davs

H~.~achloroblpheny' (PCB)-
100 37% in 33 davs

:...ticrobi31 mats were 1pplied as free-rloaring ma[s on the surfacc of ~ontamina[ed water (e~cept with the
soill'chlordane ~xFcriment in which ma[ was applied [0 soil surf3.ce a:)d chlordanc was mixed in soil). Wh~re !he

organic substratc was insoluble in wa[er. contr".lcnlc biofilms genera[ed by the mat acrively sequestered the

contaminant globule. ( 13) ( 14) ( 15)
Degradation was distinguished from simple absorption by disappearnnce of parent comp.ound from the mat and

water. occurrence of metabolic products and mineralizarion ex:periments {the latter is presented in Table 4).-

b,

T-~BlE 2
R.E~(EDIATION OF l~ORGANIC CONTA."t1L--JANTS BY MICROBIAL )tATS

L~TIAL ~UN{.;t,;N 1'AATION,

mg/L

UMOVAL RATE
me mer2Um1 matlb

L,,"ORGANIC CONT A."tIINA1~T

U1JI 0.12 3.19F :-ee floating. matS.j

Mix of

Cr

Co

24
24

10.129

!0,052

Mat immobilized 0" glass wool and
Layered in baffled tanks

Zn

MIl

22
18

313

462
Mat immobilized on floaters'

Cu

Zn

Cd

284

3.021

19

Ex.cised mats applied to [ron
Mountain mine sample"

378

3,778

356

2.59 mg Mg/ml/dayA~\d mine dninase4 3.3.6.5Mn

b

Free floating maL Self-buoyant matS we~ cultured on the surface of laboratory ponds' surface mat. Pb was
deposited in the mat as PbS. The pH for the free floating mats was 6 10 8. ( 17)
Mat Immobilized on floaters. Thc mat was artached to glass \11001 balls tkat \IIe~ floated in Zn/Mn.
contaminated water at pH 7 to 9. (16)
Excistd mats. Small secrions of mat were cxcised and applied to a mixed solution of Cu. ZnT Cd. and Fe
sample from Iron Mountain Mine drainage in California. a Superfund site. The pH was adjusted tO 3 to 4 before

adding mat sections. (5)
Pond trecannent of aeid mine drainage. A floating mat ( 1.2 ~m thick), composed of filamentous green alage
and cyanobacteria was developed by enri~hing with ensiled grass clippings and microbial inocula (inirially
selected from the site) on ~O ~~eld pond. A se~o~d. mat fonned-on the limeston-=at the pond bottor1:!.. (9)

d



T ABLE J RE~DIA TION OF MIXED W ASTE BY MICROBIAL MATS

!\OX w ASTE CONT AM~ANT MTIAL CONCF.NTRA TION,

m,JL
REMOV AL/MmERALIZA TIONs

I~r~floating-ma~ Mix of TCE + In

I'C- TCE 0.002 TCE l47 }A.glkg mat

rniner2.1ized

Zn 20 la 264 mg/m:/b

M"ax of chry5ene + Zn

i'C-.:hrysene 0.079 C'nrysene 59 IJ.g/kg mat,
minerali~

la 20 lA Nor determill0:1

a Mineralil.atJon ~~penm~nts we~ perfonned with C"-labeled TCE or chryseae; detec:tioD of eQ(rap~ labeled
c~rbon aio~ido= ci=temlia~ po=rco=~t mineraliulion- With mixed contaminAnts neither- inhibicioa of organic
coQt.aminant min~raiiutlon nor m~t.al seA1u~ter Were observed- For example. TCE + Zn minef2lized a[ a rate
of 147 ~g,Kg. whereas TCE alone mineralizrd at a rate of 119 ILg/Kg. Chrysene + ZD mineralized at a r"J.[e of

59 JJ.g/kg, wher~ chrysene alone mineralized at a rare of 64 Jlg/kg- ( 18)
-

T ABLE 4

.~~ALIZ~ T~O~QF ORGANIC CONT AMINANTS BY MICROBIAL MA T

ORGANIC

CONT AMJNANT-

TIME AND ~

DEGRADATION

LIGHT/DARK
CONDmONS

lNITlAL

CONCF.NTRA noN 14V,/L
-

Petroleum distillates
hexad~e

pbeualhreoe
chrvsene

168

314

157

9~ in 90 dayg

24~ in 90 day!

21 ~ in 90 days

dark

dark

dark:

TN1 <1~ 4~ ia 45 d.ays dark

Chlordane 133 13% iA 21 days 12L:120

PCB 133 l7"' in 21 days 12L: 12D

TCE 2 21% in IS days dark

Cat"bofuran 12 4~ in 15 days ~rk:

Microbial mats were ~pplied as free.floaring matS 00 the surface of conwninarm wafer. Mineralizalioa
experiments were perform~ with C'..labeled substnce: defection of t.nfrapped labeled carbon dioxide
detemUn~ percent mineralization. ( 18) ( 19)
Exact concentDtion not available.b



:eb"IJlauons of 2 mg/l) during nish[-tim~ sampling or
"..hdn min.; IJralnage flowe~c.:.;;/J~ 4.5 L/m.in. AlthouB'h

thc conditions of high. oxygen and high Eh generattd by

the rl.;ly pond matS may be c~at~1 to the dcposic of Ma

o.~ldes. other facto~ may be functional as wo!ll and are

J(;scrib~ b-=iow.

--any ('~uction of the hex3.va!ect chromium is an e~cel!~nt
cationic form for (,!cpositlon as solid Cr(OH), which has
a. pK of 37. How~'Ver. conversion of he~avalent

chromjum to trival~nc chromium will nor occur at these
eleva~ pH levels .;.ven in the presence of high

concentr3.tions of organic ~Iectron donors ( 12). In srudie$

on the reduction of h~xav3.j~Qt chromium by E. coli, it

Was found that chromium reduction occu~ coDcu~ntly

with the respiration or" organic electron dol1ors ~b 3.$

glucose.

Possible ...emediario,. mechanismr

\fi~ed microbial remel.iiation systems hav~ several
JIStInCt advanL1.ges- Specific detoxiricatioD mechanisms
uDique to all constituent Strains of ll1e mat a~ accl:ssible

in th.: ~onsortium. Thus 3. broader variety of ccllular
relta.se5 (enzym~, bioflocclentS) are available with the

mat coQsonium than with a treatment system domiDateti

b:' a single microbial str3ln.

Ba$ed OR these considera[ions, the rapid uptake of
chromium to very high loadings ill these mat sNdi~

suggesrs stroRsly that the process wag mediated by some

enzyme or other active reQ:uction catalyst wh.ich is
~1a.borate4 by the mat system as a defense m~hanism-
The m~hanism KlS to coQven the hi~hly to~ic hexavalent
chromium to the far less hanrdous trivaleac fom1 which
is p~ipitated rapidly a-s the hydroxid~ at the ambi~at

[1~utral to alk.alin~ pH level~.

The mar consortiiJlTl generates micro.zoncs of unique
~hclTU$rry char-ac~rized by discrete oxic and anol.lc ZDnes
tbroughour the microbial matrix (Fig. 1). This

ph~nom~non is amplified. by the closc asS')Ciation of

i'hot()tropb.s and heterotropt\s. Thus. reductive

J~l\jorinatl()11 can likely occur byanaerobic proccsses in

the anoxlc zones. while carbon ring lysis is accomplished
by the ~erobes in tne adjac~nr o~ic zon~. The ~pld
mioeraliurion of chlorda4e might be explajnet.l by (hl~
.;ommunity rnicro-strocrnre of rhe mat. Eith~r metabolic

pr0.;e.&S (aerobic or anaerobic) can be amplified in mar by

~im!,ly changing the light intensity and cluration. th~reby

altenng the conditions of En. pH a.nci olygen

conceotrauon.

The high upcak~ of cobalt by these IIUts systems as

likely a consequence of simple p~ipita.tion as somc
sparingly soluble cobalt saJt. Obvious candidates as
r~ipilating anions are hydroxide, carbonate aDd. giv~q

the kJ1own presence of strongly rl:ducing micrazon~ ia
the ma(S, sulfide. At pruent. there is insufficient data. 10

dis[inguish among th~ dtemativ$$. Nonetheless. me

mat sys[ems appear to have very high capaciti~ f~r

uptake of cobalt.

Metal sequestering and int~rument of metals a~
likewise controlled both at the Cellularlmol~ular and the

community levels. C~ruia species of cyanobacteria

prod~ce negati v~1 y charged. flocculating macromolecules.

which lik~ly bind to the ~taIs ia the water col~mn (10).

Thjs providu initial protection to the microbial

community contacting the toxic metal. At th~ communiry
level. the anaerobic zones harbor sulfur red~ing bact~ria
( 11). whicb genentc bydrogeD Nlfide in the MOIic
zones. Thus. sulfide is available for ~ precipitation

In the inters[ilial spaca of the a\at. High con~ntrations

of o~ygel1. pft)duced during pbOtosydtb.esis. ~mes

o!nct3pped in the mat surface slime. Oxyged. [berefo~.

remains available for oKide p~ipiwion over long tim~

periods in th$ photosynthetic mno of the mat.
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